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Welsh, Ryan M. (M.S., Mechanical Engineering, Bioengineering)
Using Electromagnetic Fields to Modulate the Self-Healing Capacity of the Human Anterior Cru-
ciate Ligament
Thesis directed by Prof. Frank S. Barnes
A torn anterior cruciate ligament (ACL) is a notorious injury among athletes. Current means
of replacement and reconstruction are ineffective and often result in instability and osteoarthritis.
Tears in the medial collateral ligament (MCL), on the other hand, are self-healing and do not
require surgical intervention. The differences between ACL and MCL healing properties have
been shown to exist mainly on the cellular and biochemical levels. For example, ACL fibroblasts
have shown increased production of and sensitivity to the cellular messenger nitric oxide (NO·) in
response to injury [13]. Non-invasive enhancement of the self-healing capacity of ACL fibroblasts
to more closely resemble that of MCL fibroblasts would have obvious therapeutic applications.
In the past, many researchers have employed exogenous electromagnetic fields to non-invasively
alter cellular properties. There are several devices currently on the market that use such fields to
stimulate healing. In this study, radiofrequency electromagnetic fields with a perpendicular static
field were applied to human ACL fibroblasts in vitro. The magnitude of the applied static field
was equivalent to the geomagnetic field. Cellular proliferation increased by 20% within 48 hours
(p < 0.01) compared to the control. Soluble collagen synthesis remained constant in confluent
cultures, suggesting little effect on stationary cells. The purported mechanism of interaction is
through modulation of radical lifetimes, related to the spin-radical-pair mechanism of much higher
strength fields.
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Chapter 1
Introduction
The human anterior cruciate ligament (ACL) is a double-bundle ligament of collagenous
fibers connecting the distal end of the femur with the tibial plateau. The ACL is notable for its
intra-articular location within the knee joint and ability to withstand high tensile forces. A torn
anterior cruciate ligament is also a notorious injury among athletes. It is one that almost always
requires surgical intervention to avoid further damage and to restore functionality near that of the
pre-injured state. This stems from the fact that the adult ACL has very little intrinsic healing
capacity [55]. The drawbacks of surgery include typical short term complications and longer term
complications often accompany an ACL tissue graft as well. An autograft may not provide sufficient
stability while a donor graft may bring immune system complications and the possibility of disease
transference. In fact, total ACL reconstruction—the most common surgical treatment of a ruptured
ACL—results in signs of arthritis within 14 years of surgery in 78% of patients [50]. Complete ACL
reconstruction may someday be rendered more effective or even unnecessary by a non-invasive
treatment: electromagnetic field therapy. If an innate healing mechanism in ACL fibroblasts can
be triggered by an electromagnetic stimulus, then the tissue might be able to repair itself sans
surgical intervention.
1.1 Review of the Literature
The use of electric and magnetic fields in a biological context is by no means a novel concept.
Galvani, and later Volta, experimented with the effects of electric currents on frog muscles in
2the late 18th century. Volta, with his electric pile, showed that muscle contractions could be
induced by application of an electric current while Galvani showed that similar contractions could
be elicited by contact with a nerve cell from another part of the body [30]. It was then in the
late 18th century that endogenous biological currents were discovered along with the effects of
exogenous currents applied to a biological system. Since then, medicine has progressed greatly
by incorporating electronics and electromagnetic theory into its domain. In this chapter, we shall
review some recent developments in the field of bioelectromagnetics—the exploration of biological
effects induced by man-made electromagnetic fields.
Electricity in modern medicine ranges from medical visualization techniques like computed
axial tomography (CAT) and magnetic resonance imaging (MRI) to tissue-ablating laser surgery,
cautery, and the life-saving automated external defibrillator (AED). Electricity is, arguably, the
backbone of Western medicine. Only in some smaller realms of medicine, however, are the di-
rect biological effects of electric and electromagnetic fields somewhat understood and well-utilized
therapeutically.
We now know that Volta was mimicking the ion flow produced by neurons with his small
electric currents. Pacemakers and intracranial electrodes function in this well-studied manner:
current from an electrode induces current flow in a cell similar to the way in which an action
potential is propagated along a neuron.
Outside of the nervous and muscular systems, the mechanisms involved in biological effects
from EMF exposure are not as well understood. Static electric fields are the simplest to attempt
to understand in the context of biology, where applied currents can directly affect and alter the en-
dogenous currents present throughout the body (see [30] for a thorough discussion of these intrinsic
currents). Pulsed electromagnetic fields, which tend to induce fields with different characteristics
than their own, affect biological systems via mechanisms that are even more difficult to elucidate,
but will be discussed.
Electromagnetic fields have documented therapeutic effects on soft-tissue wound healing,
cell growth, stem cell differentiation, nerve cell growth and regeneration, cancer, nociception,
3and bone fracture repair. Only a couple of these effects are used in prevalent—but certainly
not commonplace—therapies worldwide. The FDA has approved the use of a “specific biphasic
low-frequency signal. . . for application in the U.S. only for non-union/delayed fractures” and the
use of “pulsed radio frequency electromagnetic field for treatment of pain and edema in superficial
soft tissues” [49]. Other therapies are frequently used in research but not in practice; a surgeon is
unlikely to slip a watch battery under a patient’s dressings to decrease healing time.
The primary purpose of this literature review is to examine the therapeutic uses of elec-
tromagnetic fields relevant to possible use in modulating the self-healing capacity of the human
ACL. Many of these studies are at the forefront of recent medical literature and their results are
compelling. Mechanisms of action have been discovered or suggested for several EMF effects and
a brief overview of the some of the most significant hypotheses is included.
1.1.1 Bone Repair and Regeneration
Bone cells, specifically osteoblasts, are relevant because of their self-healing capacity and
production of a collagen matrix. Though these cells are not functionally identical to ACL fibroblasts,
it is plausible that EMF effects on osteoblast collagen production and tissue repair translate to
similar effects in ligament tissue.
One of the best-known therapeutic applications of electromagnetic fields is on bone fracture
repair and regeneration. In normal healthy bone, ionic fluid flows create currents that act to stim-
ulate bone growth along the axis parallel to the applied loads. Endogenous piezoelectric currents
generated from bone stress also play a contributing role. The endogenous currents, present in dy-
namically loaded bone, act to organize and increase development of bone tissue. Not surprisingly,
man-made currents applied to bone fractures are shown to elicit similar effects.
In some cases, a current can be applied directly across a bone to stimulate osteogenesis with
subdermal electrodes. Fortunately, pulsed magnetic fields may be used in place of invasive deep-
tissue electrodes. External solenoids can induce internal electric currents in a given tissue without
the need for surgery. A major benefit of using external EM fields as treatment is avoiding costly and
4possibly dangerous surgeries in the elderly or immuno-compromised patients. The first published
study to use this technique on non-union bone fractures was released in 1977, by Bassett et al.
This group was one of the first to show a drastic biological impact of pulsed electromagnetic fields
(PEMFs): limbs previously destined for amputation, in which surgical union had previously failed,
were effectively saved [4]. Bassett et al., specifically, used a 75 Hz semi-rectangular wave to induce
a peak current density of 10 µA/cm2 in the tissue to which it was applied. It is worth noting that
Dr. Arthur Pilla, one of the more distinguished figures in current bioelectromagnetics theory and
literature, was a co-author of this seminal study.
A multitude of subsequent and more recent studies further describe the effect of exogenous
currents and EMFs on osteoblasts and related cells. Electromagnetic stimulation has shown marked
effects on bone regrowth in human patients throughout multiple clinical studies. A recent study
by Itoh et al. applied a local 30 µA, 2 Hz, sinusoidal electric current to the tissue of patients with
externally fixed distal-radius comminuted fractures [33]. This internal application of an electric
current decreased the mean fixation time by over two months compared to the control; p < 0.01.
Several studies have employed low intensity 15 Hz magnetic fields in the milli-Tesla range
to stimulate tibial non-healing fractures. Even with low strength fields, magnetically-stimulated
patients exhibit a statistically higher rate of unions relative to controls [83]. In cervical fusions,
necessitated after an injury with sustained nerve root compression, pulsed electromagnetic fields
increased the rate of post-operative fusion by almost 16%; p = 0.018 [28]. This latter group, Foley et
al., used a somewhat novel device: the Cervical Stim produced by Orthofix and specifically designed
for EM stimulation of cervical bone growth. Unfortunately, Orthofix does not openly disclose the
specifics of the field generated by their device. These results, nonetheless, are consistent with past
studies illustrating the effectiveness of a pulsing magnetic field on bone fracture recovery.
An interesting and fairly recent development in the application of EMF to bone repair is the
discovery of wave-form dependence of osteoblast activity. Zhang et al., 2007, reports that different
waveforms of the same extremely low frequency elicit significantly different activity from osteoblasts
in vitro [88]. Each waveform seems to affect cell proliferation, differentiation, and mineralization to
5a different extent. Triangular EMFs induce greater mineralization than do rectangular or sinusoidal.
This is likely a result of greater induced electrical currents from the sharp peaks of triangular waves.
Such results likely hold true for EMFs applied to other biological systems, though this study focused
on a single cell line. Bioelectromagnetics research aiming to use induced electric currents should
take these results into account.
1.1.2 Soft Tissue
Another of the well-known and one of the most researched applications of electric fields in
vivo is on soft-tissue wounds. As early as 1843, Dubois-Reymond “used a unique galvanometer
that he built himself with more than two miles of wire [to measure] about 1 µA flowing out of a cut
in one of his fingers” [57]. Since then, in situ currents have been measured rather extensively, and
most successfully using a self-referencing probe initially developed by Jaffe and Nuccitelli in 1974
[34]. Similarly, sensitive micro-electrodes and microneedle arrays have been developed to measure
bioelectric currents over larger areas [52]. The key to progress and success in this area seems to be
effectively using knowledge of endogenous fields and pathways to apply extrinsic therapeutic EMFs
or electric currents.
The intrinsic “wound current” of dermal tissue directs cell migration; specifics about the
chemical pathway involved have been discovered only recently [90]. As for the magnitude of this
wound current and voltage, the breaking of an epithelial layer has been shown to result in 40-
200 mV/mm electric fields [52]. As in the realm of bone healing, electrostimulation has found a
niche in the treatment of chronic soft-tissue diabetic wounds. To such wounds, researchers have
applied exogenous electric fields and have shown increased wound-closure rates [35]. The extrinsic
electric field is applied with the assumption that the failed system inhibiting healing is bioelectric.1
In an experiment using alternating current (AC), electrostimulation of up to 300 µA at
128 Hz was shown to have no statistical effect on the healing of chronic leg ulcers; p = 0.94 [35].
1 In a quick survey of the literature from the National Institute of Healths PubMed database, a significant number
of articles–notably those from the journal Advanced Wound Care–cite electrostimulation as a preferred treatment
intervention for chronic wounds. However, not a single article mentions a study of endogenous electric fields in chronic
wounds.
6Unlike many other biological currents, the dermal wound current is DC and soft-tissue wounds may
not respond to an AC electric pulse. Under the assumption that these currents are directing cell
growth based on their polarity, an oscillating field would fail to direct keratinocyte galvanotaxis.
The possibility of an AC electromagnetic pulse affecting some other biochemical pathway should,
however, not be disregarded. Likewise, slowly alternating pulses might be beneficial depending on
the wound and the timing of application.
With the same assumption, a correctly polarized DC field can amplify the body’s natural
wound current. Localized DC currents, on the order of a fraction of a milliamp, applied to surgical
wounds in humans and animal models have indeed shown significant enhancement of healing. With
an anode on the wound and a cathode at the perimeter, researchers are able to multiply the intrinsic
wound current. Pressure ulcers can reach a nearly doubled healing rate when exposed to a 66 mV
DC, 0.6 mA, current in this fashion; p = 0.028 [36]. Surgical incisions in an animal model showed
significant increases in healing rate with a similar 0.6 mA current; p < 0.05 [74].
Experiments using whole-body static and pulsed magnetic fields have demonstrated statisti-
cally enhanced healing effects in animal models. In at least one study, pulsed magnetic fields in the
radiofrequency (RF) range near 27 Mhz accelerated cutaneous wound closure [71]. The mechanism
here is much different than that involved with localized electric currents. Of particular interest
are the identical healing effects elicited by 0.05 Gauss and 1.0 Gauss RF fields in this study by
Strauch et al., 2007 [71]. This study is highly suggestive of a frequency-dependent interaction with
a biochemical pathway. The 27 Mhz RF exposure is within the important 1-100 MHz range,
which will be discussed in the next chapter.
Whole-body static magnetic fields are likewise correlated with large effects on dermal lesion
healing in laboratory rats; p < 0.05 [51]. Because these systemic fields affect local healing rates, it
is plausible that the fields are activating immune functions throughout the body. Generic immune
system stimulation could explain some of the ramifications of electromagnetic fields on other tissues
and may provide a means for new medical applications in the future. As with the Strauch et al.
study, 2007, this is suggestive of an EMF-tractable biochemical pathway present throughout the
7body and will be discussed in section 1.2.
Another route of increasing the rate of soft tissue healing is through growth factor activation.
An important study on dermal fibroblasts has shown that a pulsed electromagnetic field (PEMF)
stimulates the release of endogenous fibroblast growth factor (FGF) [12]. The stimulation of growth
factors, particularly IGF-2 and TGF-β, has been seen during EMF exposure to other tissues,
suggesting that EMFs might be acting via another pathway than that associated with the natural
wound current [1]. If activating-growth-factor release or inhibitive cytokine action can be stimulated
or restricted, respectively, in ACL fibroblasts, then the self-healing capacity of the ligament could
be increased.
1.1.3 Cartilage and Collagen
As with bone and epithelium, EMF effects on other collagen-containing tissues have been
elucidated in several studies. In a rat model, one group showed that a transected Achilles’ tendon
reached a tensile strength 69% greater when exposed to a PEMF relative to unexposed controls [72].
Further study into the electromagnetic effects on collagen regeneration is much needed, especially
concerning osteoarthritis. Collagen-containing tissues have a unique biphasic composition that
could be involved in EMF effects. Though this hypothesis is heretofore untested, it is possible
that a new model explains the EMF effects in biphasic tissues like that found in bone, tendon and
ligament: the modulation of ion-ion interaction.
In cartilage, the viscoelastic physical properties of the tissue are governed by hydraulic perme-
ability of the liquid phase through the collagen matrix. Within the collagen matrix is a substructure
of proteoglycans (PGs) attached to a brush-like scaffolding of glycosaminoglycans (GAGs). The
GAGs are covered with negative carboxyl and sulfide groups that repel one another and attract
the protons of water molecules in the matrix. The greater number of negative charges indicates
greater attraction and thus more drag on any fluid flow. If an applied EMF can alter the interaction
between bound GAG ions and the water molecules in the fluid phase, it would alter the mechanical
properties of the tissue and possibly make it more permeable to nutrients or cellular signals. This
8would alter the way one tissue bears and distributes loads to another; the cartilage-bone interface
is of particular note.
An electromagnetic field could increase the rate of healing by changing the hydraulic perme-
ability of the tissue and making it easier for nutrients to flow and reach embedded chondrocytes. In
fact, one study has already shown that a PEMF can decrease GAG production by tissue chondro-
cytes [14]. This alone should decrease the charge density of the cartilage and increase the hydraulic
permeability. Plausibly, nutrient permeability would be similar increased and mechanical properties
altered. The idea seems worthy of more study but it need only serve to make a point at present:
there is no one way that EMFs affect biological systems. Many researchers have shown success
with very different field strengths and frequencies. It is almost certain that they are triggering
different mechanisms that occasionally yield similar results. One is presented with a large number
of modalities when deciding which to use for stimulating a given system of interest.
1.1.4 Ligaments
One of the older papers to examine the effect of electromagnetic fields on ligament tissue was
published by Frank et al., 1983 [29]. This study showed accelerated healing of medial collateral
ligament (MCL) tissue in rabbits using a 1 Hz field at 250 Gauss, a very strong field that shocks
cells with small electric eddy currents. Frank et al. was able to elicit an initial increase in stiffness
of treated tissues after the first three weeks of healing, but the improvement over the control
disappeared after six weeks.2
Lin et al. supported these results with two separate studies in 1992 [44] and 1993 [45]. Using
10 Hz pulses ranging from 2 to 50 Gauss, the group found enhanced patellar ligament stiffness
relative to control, but only after 2 weeks of healing and not at the 4 week point [44]. In the
more recent study, the group found a significant correlation between EMF treatment and collagen
content, enhanced blood flow, and development of rough endoplasmic reticulum [45]. Though this
2 The study by Frank et al. used MCL tissue already capable of self-repair, compared to ACL tissue, which is
not. This will be further discussed in chapter 2.
9study was also done using patellar ligaments, such definitive results give hope for similar jump-starts
of innate healing properties in ACL tissue.
There has yet to be a published study on the effects of electromagnetic fields on the healing
capacity of ACL fibroblasts, especially not in vivo. In 2007, however, Chao et al. published one
of the studies most relevant to the topic of this paper. The group applied DC and pulsed electric
currents, 2 V/cm, to ACL tissue and noted significant results including: fibroblast galvanotaxis,
morphology changes, increased collagen-1 production, and enhanced motility [15]. All applied static
electric fields, with pulsed fields at 0.008 and 0.025 Hz, negatively affected wound-closing relative
to the unexposed control. The ability to modulate these biological properties gives promise for
positive effects by different fields but suggests that low frequency fields and electric currents should
be avoided with ACL fibroblasts.
1.2 Mechanisms of Action
Unfortunately for comprehension’s sake, there is no single simple mechanism through which
electromagnetic fields interact with biological systems and often at signal strengths below thermal
noise. This is, however, convenient as it gives us a number of options for applying EMFs and
obtaining the desired effect, excitatory or inhibitive, within a biological system.
The strong electromagnetic field effects are well-known and largely involve the induction of
internal stimulating eddy currents, the Lorentz force, localized heating proportionate to the specific
absorption rate (SAR), or the multiplication of radical energy levels. Stimulating eddy currents
have been previously mentioned and are the accepted mechanism through which alternating EMFs
or PEMFs can activate bone healing and neuron firing. The Lorentz force, or dipole force on
charged particles in an electromagnetic field, explains some of the effects of static fields in biology.
The alteration of radical energy levels is a subtle mechanism through which high and low-
strength magnetic fields may also produce biological effects. The radical-pair theory surrounding
low-strength fields is complex and captivating for its ability to explain many different low-field
effects in many biological systems. This mechanism is explored in the following chapter. There are
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several other hypotheses explaining the low-field effects that are well discussed in the literature and
are mentioned here.
1.2.1 ICR and LPM
One postulated mechanism of interaction is referred to as ion cyclotron resonance (ICR),
which is a well known phenomenon in mass spectroscopy. The model was advanced as ion parametric
resonance by Blanchard and Blackman with only a slight modification [46]. In this model, the
existence of a static DC field and a perpendicular or parallel AC field is required. The problem
with the model is that the original physical phenomenon it relied on has been debunked. At this
point, the ICR equation used with biological systems is purely phenomenological. ICR suggests
that a resonant frequency, f = ω/2pi, for a given ion (and its associated biochemical pathway) is







Where BDC is the strength of the DC field in Teslas and the charge-to-mass ratio q/m is measured in
coulombs per kilogram. Despite the lack of a decent physical model attached to the ICR hypothesis
at present, it maintains saliency because of the vast amount of experimental data supporting it.
Literally dozens of experiments have found significant biological effects from fields and frequencies
predicted by ICR. See Liboff, 2007, for lists of supportive ICR research [43].
Another important hypothesis fits with the vast experimental data supporting ICR but with
a slight modification. The precession model predicts an effective “Larmor frequency,” ωL, equal to






The Larmor precession model (LPM) uses a clear physical description of a precessing bound ionic
oscillator to arrive at equation 1.2. Atomic magnetic moments naturally precess around an ex-
ternally applied field. Larmor precession proposes that the biochemical reactivity of a bound ion
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complex may be affected by changes in the spatial orientation of the bound ionic oscillator [62]. Har-
monics of ωL and a large number of different biological ions could explain the multitude of evidence
supporting the phenomenological ICR model, making the Larmor precession model particularly
appealing. These models explain, or at least support, the frequency-dependent EMF effects noted
previously.
Chapter 2
Affecting the Anterior Cruciate Ligament
The anterior cruciate ligament was chosen as a relevant tissue for the present research because
of the high prevalence of ACL injuries requiring surgical intervention and the relative success of
past EMF studies in modulating fibroblast behavior. In the Unites States alone, over 100,000
surgeries are performed each year to treat ruptured ACLs [59]. It had been thought that the
intra-articular location of the ACL within the knee joint could be the sole factor impinging the
healing process. If this were the case, EMFs would likely have little beneficial effect, as they seem
to act at the cellular and molecular levels. However, many studies suggest that it is indeed a
cellular discrepancy between MCL and ACL fibroblasts that prevents the latter from healing while
the former regenerates relatively rapidly [9]. The lack of wound healing in suture-repaired ACLs
similarly indicates that a problem exists on the cellular level [50]. It is this lack of sufficient healing
mounted by ACL fibroblasts that makes them particularly good candidates for EMF-enhancement.
2.1 ACL Cell Biology and Electromagnetic Fields
The MCL and ACL are functionally nearly identical: they are both very strong ligaments
that act to stabilize the knee joint. Despite this, there is a high amount of discrepancy between
the morphology of MCL and ACL cells. ACL fibroblasts, in vivo, more closely resemble the oval
fibrocytes in the meniscus of the knee than they do the more classical extended-process MCL
fibroblasts [48]. Besides simple morphology, these cells also exhibit a number of biochemical differ-
ences that might explain their very different healing capacities. The cell lines respond differently
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to growth factors [86] and illustrate different rates of proliferation and motility in vitro, with ACL
fibroblasts lagging in both [55].
Studies have also shown that porcine and ovine fibroblast characteristics change with age:
ACL cells lose repair capacity with maturity [50]. This loss of function is in the form of a diminished
motility. In fact, fetal bovine ACL fibroblasts migrate at twice the rate and produce four times
as much collagen-I as their adult relatives [69]. As shown by Chao et al., 2007, applied electric
fields alter the activity of ACL fibroblasts at the cellular level and can alter this motility [15]. This
group showed DC electric fields produced increases in calf ACL fibroblast motility and biosynthesis,
opposite of the effects produced by AC fields. Like chondrocytes, ACL fibroblasts exhibit some
galvanotaxis, but tend to migrate towards the cathode of an applied electric field. Application of
electromagnetic fields holds promise to elicit positive effects from human ACL cells.
2.1.1 ACL Fibroblasts and Nitric Oxide
The most notable and, arguably, important biochemical difference between ACL and MCL
fibroblasts involves the cellular messenger nitric oxide (NO·). This difference may play a large factor
in the different healing capabilities of each cell line. Nitric oxide is a radical commonly associated
with the inflammation and healing process. Doctors from the University of Pittsburgh School of
Medicine published seminal research outlining the NO-response of ACL cells compared to MCL
cells [13]. This group Cao et al., 2000, found that ACL cells produce much greater levels of NO·
in response to injury than their MCL relatives. This is relevant because NO· appears to mediate
the inhibitory effects of inflammatory cytokines like IL-1 (released upon stress or injury). Results
suggest that “the ability of a rabbit ligament to heal is inversely related to its ability to generate
NO” [13]. We can presume that this holds true for human ligaments as well. Similarly, a more
recent study showed that ACL cells are significantly more susceptible to NO-induced apoptosis
than MCL cells in a rabbit model [53]. In fact, this study showed that ACL cells were six times
more susceptible to NO-induced DNA fragmentation relative to MCL cells.
Not only do stressed ACL fibroblasts produce more nitric oxide than regeneration-capable
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fibroblasts, but they are more sensitive to its deleterious effects. Alteration of nitric oxide levels
is a mechanism through which cellular healing response may be EMF-modulated. The ability to
change these levels with low-power electromagnetic fields is discussed in the following.
2.2 The Free Radical Model: Radical Pair Mechanism
An extremely important hypothesis explains that low-strength fields affect a biological system
via changes in free radical concentration. Radicals are used throughout the body as cellular signals
and as the immune system’s artillery against infection. The benefit of the free radical EMF effect
is that it is not subject to thermal noise constraints as are many other proposed mechanisms [21].
As a nuclear mechanism, the radical pair mechanism (RPM) is not connected to external atomic
movement. As a universal cellular messenger, alteration of radical concentrations can also explain
many of the published effects of various low-level fields on tissues throughout the body.
In a very basic review of quantum molecular theory, let us acknowledge that electron pairs
exist within molecular bond orbitals. The 12 -spin electrons exist in pairs confined by the well-known
Pauli Exclusion Principle. That is, two paired electrons may not have the same spin (S) if they lie
within the same molecular orbital: one spin must be +12 , while the other must be the opposite −12 ,
such that Stot = 0. We call these states up (↑) and down (↓) respectively. This common pair of
electrons () is referred to as being in the singlet state S0, defined as Stot = 0.
Most biological molecules with an even number of electrons exist in this singlet state, where
total spin is zero. This makes sense because covalent bonds between atoms consist of pairs of
electrons. However, this is not always the case. Molecular orbitals are often degenerate and a
pair of electrons  might be split into two separate degenerate orbitals. This is the case for
triplet dioxygen (O2). The highest occupied molecular orbital of singlet O2 is highly reactive and
spontaneously splits into two separate half-filled degenerate orbitals. The split orbitals are each










We call this state the triplet, where the total spin is equal to unity. It is called the triplet state
because it consists of three degenerate states: T+, T0 and T−. In the absence of an external
field or hyperfine splitting, these states exist at equivalent energy levels [64]. However, the triplet
state quickly separates into three discernible energy levels even when exposed to a small magnetic
field. The effect is the well-known strong-field Zeeman (or Paschen-Back) effect as illustrated in
figure 2.1. The external magnetic field perturbation of the simplistic dual states comes directly
from the quantum mechanical equations (for the full Hamiltonian, see [64]). Another perturbation
not to be ignored is the hyperfine interaction resultant of spin-orbit coupling. This is the interaction
between spin and nuclear magnetic moments that results in further splitting of the triplet states;
see figure 2.1. At low static fields (BDC  1 T), this is the dominant splitting effect.
The interaction of high-strength magnetic fields (>0.01 T) with radicals is fairly well under-
stood. While a magnetic field has no effect on the radical singlet state, a large field increases the
separation of plausible charged triplet states. A greater magnetic field is inversely proportional to
the probability of interconversion between the T+/− and S0 states. Instead of 4 plausible states,
the system is essentially reduced to 2 (S0 and T0), thus increasing the probability of finding the
system in the singlet state. The importance of radicals to EMF effects here becomes evident. In
high strength magnetic fields, the singlet-triplet mixing becomes restricted to T0 and S0 states.
For a radical pair formed in a singlet state, “this decrease in singlet-triplet mixing at high fields
leads to an increase in the yield of the singlet recombination product” [75]. This has an effect of
decreasing radical production and thus decreasing radical concentration.
As seen in figure 2.1, There is a critical static field strength at which the T− triplet state is
of equal energy to the singlet state S0. By applying a small magnetic field to a radical-forming
reaction, somewhere on the order of 1 mT, the T− state crosses the S0 state and the probability of
interconversion is enhanced. This has an effect opposite of the strong-field Zeeman effect: singlet
recombination will be decreased due to the extra degeneracy [22]. Conversely, triplet recombination
will be enhanced. At lower fields, close to the earth’s field of∼45 µT, the static field effects have been
demonstrated as less apparent but still acting to enhance escape of singlet-formed radicals [75][85].
16
Figure 2.1: Cartoon illustration depicting the magnetic field-strength dependence of atomic energy
levels.(a) The triplet and singlet states exist at separate discrete energy levels without accounting
for magnetic effects. (b) The degenerate triplet states are split by the application of an external
magnetic field, represented as the blue dashed lines. (c) Hyperfine splitting further expands the
energy levels of the triplet states; the singlet state remains unaltered. (After [21] and [80] for













For biological reactions, this means that even slight fields can enhance free radical production.
For biological radicals like NO·, the hyperfine interaction is related to a frequency of spin
interconversion. This frequency lies within the previously-mentioned 1-100 MHz region [75]. If a
magnetic field is applied that matches the hyperfine frequency, it is possible to “reconnect the T+
and T− levels with the S0 − T0 manifold, [and] the efficiency of singlet-triplet interconversion is
boosted and the singlet recombination rate increases correspondingly” [75]. By increasing singlet
recombination, the total radical production is reduced. Note: this range also fits the period of
“electron Larmor precession in a 100 µT magnetic field” which is approximately 360 ns with a
frequency of 2.8 MHz [77]. The radical-pair mechanism (RPM) might thus explain results previously
obtained under the auspices of solely affecting Larmor precession.
2.2.1 Nitric Oxide Synthase
Biological radical products, like NO· are presumably formed from a S0 state enzyme-reactant
complex. Before complete dissociation, the products are sterically confined to the active site of the
enzyme. It is here, in the space of a few cubic nanometers, that the products remain spin-coupled
though incompletely paired. This “pocket” is key for the low magnetic field effects as it prolongs
the coupling of a spin-pair and vastly increases the probability of collision and recombination of the
geminate pair [22]. The radical-enzyme complex cannot reform from two triplet products though
a singlet state spin-coupled pair can recombine.
With two similar radical products, we talk in terms of recombination to form the original
non-radical pair. In the case of enzyme-catalyzed radical production, as in nitric oxide synthase
(NOS), applied EMFs result in altered enzyme kinetics and likely not reformation of reactants. By
applying hyperfine-frequency EMFs to an enzyme-product complex, the dissociation constant of
the enzyme and radical product is decreased by enhancing spin interconversion. For the specific
relevant enzyme: altered NOS kinetics directly affect the production of the nitric oxide radical.
As an intercellular signal, any alteration of nitric oxide production would have whole-cell effects
based on the particular tissue’s response to the NO· messenger. This has clear applications to ACL
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fibroblasts that have a known sensitivity to NO· concentrations.
Chapter 3
Experiment: ACL Fibroblasts in RF Electromagnetic Fields
3.1 Hypothesis
Modulation of ACL cell growth and extracellular matrix (ECM) production can be achieved
through EMF modalities that have proven effective in other cell lines. Furthermore, the use of
EMFs specifically to alter the lifetime of nitric oxide radicals within ACL fibroblasts is particu-
larly appropriate given their sensitivity to the chemical as discussed previously. I hypothesize that
one can increase geminate radical recombination in ACL fibroblasts by applying low level exter-
nal radiofrequency magnetic fields in combination with a static field similar in magnitude to the
geomagnetic field. This should yield decreased radical lifetimes and a net decrease in this cellu-
lar messenger. The lower concentration of NO· would then enhance ACL fibroblast regenerative
capacity.
3.2 Materials and Methods
3.2.1 Establishing ACL Fibroblasts in Culture
Human anterior cruciate ligament tissue was obtained from full knee arthroplasty surgeries at
Presbyterian/St. Lukes Medical Center in Denver, CO. The ligamentous tissue was removed with a
scalpel instead of cautery prior to bone shaping and implant placement. Removal and disposal of the
ACL is standard protocol for full knee replacement surgery. Only previously unoperated ACL tissue
was taken for experimentation. For obvious reasons, ACLs previously reconstructed with cadaver or
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autograft tissue would not be appropriate and were not received. Tissue was immediately placed in
warm minimum essential media (MEM, Invitrogen) with 10% AB/AM (Gibco Anti-Anti, #15240)
and 10% FBS, kept near 37oC, and brought to the lab for dissection within two hours.
The procedure used for extracting fibroblasts from the tissue is a modified protocol of that
presented by Nagineni et al, 1992 [55], Mastrangelo et al, 2009 [50], and Ross et al, 1990 [63].
Remaining synovial sheath was removed from the ACL sample with sterile tweezers and scalpel.
The center of the ligament fibers was dissected, roughly, into 1-2 mm3 sections. Attention was paid
to avoid ends of the ligament where cells would have been exposed directly to damaged tissue. The
explants were washed three times in 2 ml of 10X AB/AM media and then three times in 2 ml of 1X
PBS (ph 7.4, Gibco). All washes were performed in a sterile 50 ml conical tube. The explants were
placed in 25 cm2 flasks with 3 ml of 10% FBS media. Sterile Pasteur pipettes were used to equally
distribute the explants within each flask. The flasks were set in a 37oC incubator controlled at 5%
CO2.
Within two weeks, cell outgrowth from the explants was apparent. Two and a half weeks
after explant seeding, the flasks were confluent enough to harvest cells. The cellular outgrowth
matched the slow growth rates reported for ACL fibroblasts and the morphology perfectly matched
that expected for classical fibroblast shape (see figure 3.1). The explants and media were discarded;
the adherent cells were washed with 1X PBS and then trypsinized with 1000 µl of 0.25% trypsin
with EDTA (Sigma Aldrich, #T4049) for 5-6 minutes. The trypsin was neutralized with 1000 µl
of media and centrifuged in 15 ml conical tubes for 10 minutes (5 minutes at 3,000 rpm and 5
minutes at 5,000 rpm). The supernatant was removed and the pellet resuspended in 1.8 ml of
10% FBS media supplemented with L-glutamine and sodium pyruvate, without antibiotics. Each
resuspension was placed in a small 35 mm × 10 mm cell culture dish (BD Falcon Easy-Grip)
previously treated with collagen. At near 80% confluency, all 35 mm flasks were trypsinized as
above and combined into 10 ml of media in one T-75 flask. Preliminary tests were done from an
ACL cell line maintained in serial culture in T-75 flasks. Two 1.5 ml vials of cells were frozen in
5-10% DMSO fetal bovine serum solution and stored at -80oC. These frozen cells were thawed and
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Figure 3.1: Light microscopy image of cells obtained from the ACL explants. Note the elongated,
aligned morphology seen in culture, as expected for fibroblasts.
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used for the exposure-growth experiments.
3.2.2 Cell Culture
For all cell growth/proliferation experiments, cells were grown in MEM media with 10% FBS
and supplemented with L-glutamate and sodium pyruvate. Briefly, cells were trypsinized from a
T-75 flask, centrifuged, and resuspended in 5-6 ml of media. Cell density was determined using a
Reichert Neubauer hemocytometer. Approximately 10,000 cells were loaded into 2 ml of media for
each 35 mm culture plate used in the exposure system. Culture medium was not changed during
the 4 day exposures to avoid removal of extracellular signal molecules.
3.2.3 Exposure System
The electromagnetic field exposure system used is courtesy of the bioelectromagnetics research
group in the electrical engineering department at the University of Colorado. The exposure system
consisted of two cubic triaxial Helmholtz coils. The coils were formed from insulated 22 AWG
copper wire wrapped around a thin-walled acrylic box measuring 12.5 cm on each side. The control
coils were used to reduce the static fields below 2 µT across all axes except for the vertical field.
The vertical field was maintained at roughly 45 µT to represent the earth’s magnetic field. The
coils were driven by a constant-power supply (HP 6205C Dual, Hewlett Packard, Palo Alto, CA).
The treatment coils were calibrated using a Fluxgate magnetometer (Walker Scientific, Inc) and
set up with an extra set of RF coils to produce an oscillating field in the x-direction (see figure 3.2).
Both sets of coils were kept in the same incubator but the RF-treatment coils were surrounded by
a mesh Faraday cage. This device was employed to minimize exposure of the control cultures to
errant RF fields.
The RF field, perpendicular to the 45 µT static field, was maintained at 10 MHz for the
treatment coils. Approximating the cultures as conductive loops about the perimeter of the media,
we obtained an estimate for the specific absorption rate (SAR). The VRMS across a 2 Ω resistor in
series with the RF coils consistently read around 500 mV. Using this value, we estimated the RF
23
Figure 3.2: CAD rendering of the triaxial Helmholtz coils used for the RF⊥DC field exposures.
The DC field was zeroed in the x- and z-direction but maintained near 45 µT in the y-direction.
The 10 MHz RF field maintained RMS field strengths around 85 µT. 35 mm culture dishes are
shown within the coils.
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field strength to be about 0.85 Gauss, or 85 µT, resulting in a SAR of approximately 45 µWatts.
This SAR value is large enough so that thermal fluctuations resulting from the incident fields should
be negligible.
3.2.4 Cell Proliferation Assay
To measure cell proliferation, ten 35 mm plates were seeded at a low density of 10,000
fibroblasts per culture in 2ml of 10% fetal bovine serum (FBS) media. The cells were allowed to
settle and bind to the collagen-treated plates for 12 hours at 37oC. At this point, two plates were
trypsinized and the number of cells counted using a hemocytometer. For each plate, two separate
measurements were made. These counts were considered Day 0 initial counts. The remaining eight
plates were divided into a control and a treatment group: 4 plates each. The treatment plates
were exposed to 10 MHz RF in perpendicular to a 45 µT for three days. The control plates were
only exposed to the 45 µT static field. After 2 and 3 days, two plates were removed from each
subset (4 total) and trypsinized. The cells were resuspended and counted twice per plate using the
hemocytometer. This gave four discrete measurements for each sample type, control and treatment,
on days 2 and 3.
3.2.5 Collagen Assay
To measure collagen production, separate colorimetric collagen assays (Biocolor Sircol Col-
lagen Assay) were performed on cultures exposed for 48-100 hours. Because the albumin in fetal
bovine serum tends to bind most dyes fairly readily, including Biocolor’s collagen dye, only 2.5%
FBS media was used for collagen assays. As before, treated samples were exposed to 10MHz RF ⊥
45T static fields while control samples were only exposed to the static field for the same duration.
After the desired exposure time, the supernatants from treatment and sample cultures were
removed and the volume measured via pipette. The supernatant was briefly centrifuged in 1.5ml
microcentrifuge tubes (2000 rpm for 2.5 minutes in Eppendorf centrifuge 5418) to remove any cellu-
lar debris. One millimeter of the supernatant was removed carefully from the top of each solution,
25
avoiding pelleted debris, and placed in separate Eppendorf Protein Lo-Bind tubes. Similarly, con-
trols were created using 1.0 ml of unused 2.5% FBS media in Lo-Bind tubes. 200 µl of cold isolation
reagent (polyethylene glycol in TRIS-HCL buffer, pH 7.6) was added to each tube, including the
controls, per Biocolor’s suggested protocol. The tubes were inverted five times and incubated at
4oC overnight.
The samples were then centrifuged at 12,000 rpm for 10 minutes and 1.0 ml of the supernatant
was discarded, leaving an invisible pellet of approximately 200 µl. 1.0 ml of Sircol dye was added
to each pellet, the tubes were inverted 10 times, and placed on an orbital shaker for 30 minutes.
The tubes were again centrifuged for 10 minutes, as before, and the supernatant removed, leaving
a dye-bound collagen pellet. 750 µl of cold acid-salt wash (acetic acid, sodium chloride) was gently
layered onto each pellet and used to wash excess dye from the sides of each tube. The tubes were
re-centrifuged and drained, using cotton swabs to remove any excess wash from the lips and tops.
250 µl of alkali reagent was then added to dissolve the dye-collagen pellet into solution. 200 µl
of each dye solution was transferred to a labeled 96-well plate and optical densities, read against
deionized water, were measured at 570 nm using a BioTek Elx800 plate reader.
To create a collagen standard curve, known amounts of collagen standard (0, 2.5, 5, 10, and
15 µg) were dissolved in 2.5% FBS media. The above protocol, steps following incubation at 4oC,
was employed for the standards. Absorbance readings were taken at 570nm and used to interpolate
the collagen content of the sample tubes.
3.3 Results
3.3.1 Cell Growth
To measure cell growth, 5 separate and identical trials were compiled with measurements
made on days 0, 2 and 3 using a hemocytometer. As mentioned above, cells were trypsinized and
total number of cells per culture was calculated using the hemocytometer. For each sample, on
each day, there were two replicate cultures. There were two counts made per replicate, covering
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a total of 8 mm2 of the hemocytometer chamber. Within each trial, the treatment values were
normalized to the control counts, which were considered to be unity. The compiled growth curve,
in figure 3.3, is comprised of the means for each treatment day and the calculated standard error
of the mean (SEM) from all 5 trials.
Figure 3.3: This graph represents data from 5 separate trials. Each point represents the normalized
mean and standard error of 20 different measurements made from 10 cultures; 2 dishes per trial
per day. Increasing overlap of the standard error with unity, as seen on days 0 and 3, indicates
decreased significance of results. Day 2: *p < 0.0001.
On day 0, there is no difference between cell growth in the treatment (10 MHz ⊥ 45µT static)
and the control (45 µT static). This is essentially a measurement of the seeding density, so the
normalized curve lies on 1.0 for day 0 because all cultures were seeded at 10,000 cells/dish. Days 2
and 3 show differences from the control but a one-way ANOVA tells us that this is only significant
on day 2; p < 0.0001. That is, during the rapid growth (stressed) phase, ACL fibroblasts respond
to the treatment RF fields with enhanced proliferation. As the cells near confluency and growth
begins to level off on day 3, this enhancement begins to disappear; p < 0.1. One-way ANOVA
analysis for the entire treatment, grouping all 3 days together, yields a significant p-value of 0.007.
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3.3.2 Collagen Synthesis
Soluble collagen synthesis was measured for 4 separate and different trials in attempt to find
when and how collagen production may be altered. Each trial consisted of 6 separate cultures in
which 3 dishes were exposed to the treatment fields and 3 were exposed to the static field. As
seen in Table 3.1, three of these trials yielded no significant difference (NS) between the treatment
and control cultures. Trial A cultures produced too little collagen to measure due to their low
initial seeding and short growth time: 48 hours. However, trial C showed statistically significant
differences in media-collagen content: p < 0.016. Interestingly, the treated cultures contained less
than half the media-collagen content compared to the control cultures; see figure 3.4.
Table 3.1: ACL fibroblasts were exposed for different durations. Soluble collagen dissolved within
the media was measured. Treatment and control amounts were compared with a one-way ANOVA.
3.4 Discussion
The treatment fields used in this study produce statistically significant results. The 10 MHz
RF ⊥ 45 µT static fields enhanced ACL fibroblast proliferation during the log-phase growth period.
As seen in figure 3.3, treated cultures responded with 20% increased growth relative to the static-
field controls on day 2 measurements. It is not likely that this is a result of one of the more obvious
mechanisms of interaction: localized heating, electric stimulation, or dipole interaction.
The low-level RF field with a SAR-value around 45 µW for the 2 ml cultures cannot produce
significant heating given the thermal conductivity of the culture dishes and humid incubator en-
vironment. Similarly, the low strength sinusoidal RF should not create significant induced electric
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Figure 3.4: Trial C. ACL fibroblasts were exposed to 100 hours of 10 MHz ⊥ 45 µT treatment
without change of media, 2.5% FBS MEM. At the end of 100 hours, soluble collagen content was
measured using Biocolor’s colorimetric assay and averaged across 3 treatments and 3 controls.
*p < 0.016.
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fields because it lacks any dramatic changes in intensity. We would expect an incident square or
triangle wave to induce greater eddy currents given their sharp inflection points, but a sine-wave RF
field lacks these features. The Lorentz force producing static field galvanotaxis should be identical
in the control and treatment cultures because the 45 µT field is consistent across them; this is
also no greater than the environmental magnetic static magnetic field. RF-modulated reduction of
NO· levels, on the other hand, explains the increase in proliferation as high nitric oxide levels are
growth-inhibitive for ACL fibroblasts.
3.4.1 Collagen Synthesis
Soluble collagen content has often been used with ligament fibroblasts to evaluate total col-
lagen production and compare intrinsic properties of different cell lines. This is, however, an
incomplete measurement. There are three discrete locations of collagen within fibroblast cultures:
intracellular space, culture medium, and the extracellular matrix (ECM). The only functional col-
lagen is the physiologically insoluble form found in the extracellular matrix and adhered to the
culture floor. Collagen found in the media is usable but not immediately functional as it largely
consists of procollagen. The collagen production/degradation cycle is comprised of several steps
(see figure 3.5). First, highly soluble procollagen is synthesized and secreted by the fibroblasts
into the culture media. Extracellular enzymes, procollagen peptidases, cleave the soluble ends of
procollagen molecules that then become increasingly insoluble [56]. These collagen molecules will
precipitate out of solution and cross-link with collagen already in the ECM. Metalloproteinases act
to break down and re-structure the collagen in the ECM, releasing collagen molecules back into the
culture media.
This cycle is relevant because of the type of collagen measurements made in the present
study: soluble collagen content within used culture media. Older media contained lower amounts
of collagen content in the present study. 48-72 hour growth media contained 6-8 µg of soluble
collagen content while 100 hour growth media contained up to 3.4 µg on average. This indicates
that procollagen is being drawn out of the fluid and into the extracellular matrix over time. The
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Figure 3.5: Simplified representation of the collagen cycle within fibroblast culture. Several factors
shown here act to modulate the amount of soluble collagen present in the media. Soluble collagen































process must occur at a pace faster than synthesis and ECM degradation in order for soluble
collagen content to decrease.
Importantly, ECM degradation by metalloproteinases is part of the inflammatory response
induced by inflammatory cytokines, like IL-1 [91]. As seen in trial C, figure 3.4, the treated cultures
contained less than 50% of the control-level dissolved collagen. It it is possible that cellular synthesis
of procollagen is being affected. However, from the previously described nitric oxide RPM model,
we should expect that metalloproteinases will be the effected pathway.
RF field-modulated decrease of NO· production would increase ACL fibroblast proliferation
as shown above and decrease cellular response to inflammatory cell signals, whose actions are
modulated by nitric oxide. Decreased inflammatory response from the ACL fibroblasts generates
lower metalloproteinase activity and decreased ECM degradation as seen in trial C. This decreases
media-dissolved collagen content, as seen in figure 3.4. It seems likely that insoluble ECM-bound
collagen, correspondingly, would increase to a greater degree in the treatment cultures. These
measurements have not yet been made.
It should be noted that eliminating the log-growth phase by seeding at higher cell densities,
as done in trial D, eliminates the effects seen on dissolved collagen content. Changing the media
after the log-growth exposure phase as done in trial B also eliminates the effect. It is likely
that changing the media clears out stable extracellular cytokines and extracellular enzymes (like
procollagen peptidases and metalloproteinases) excreted during the high-growth phase. This erases
the culture’s ”memory” of the exposure and does not represent the intra-articular wound region
where eradication of extracellular molecules is likely limited due to low blood-flow.
3.5 Conclusion
The lack of observed differences in proliferation and collagen synthesis in older cultures in-
dicates that the RF magnetic field effects are most dramatic during periods of increased growth
and cellular stress. This is important because normal stationary cells are not responding to the
10 MHz treatment, as is predicted by the NO· model. Only stressed cells over-producing NO·
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should respond to the incident RF field.
In quickly proliferating cells, 10 MHz RF ⊥ 45 µT fields enhance proliferation and ultimately
decrease the amount of media-dissolved collagen. Further tests must be performed to evaluate total
collagen production, ECM collagen levels, and differential productivity of collagen I and collagen III.
It is not obvious that the NO· radical-pair mechanism is playing a role in the 10 MHz
RF effects but the data fits very well with what the radical model predicts. To further test this
hypothesis, several experiments need to be performed. Measuring nitrite levels to indirectly quantify
nitric oxide concentrations in vitro would be a possible starting point. Application of a 10 MHz
field in parallel to the static field should yield different results than seen in this study. Under the
radical pair model, the anisotropy of the system would dissolve enhancing effects if the RF is in
parallel with the static field. As stated by Timmel et al, 2004, the “orientation dependence should
be a unique feature of magnetic resonance induced changes in the singlet recombination yield,”
thus eliminating other possible mechanisms of interaction [75].
The results presented in this study represent a novel modality for stimulating regeneration
and proliferation of anterior cruciate ligament fibroblasts. Further studies and optimizations of the
applied fields are warranted.
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